Whether novel biomarkers improve the assessment of incident kidney disease and related adverse outcomes remains to be tested in longitudinal observational studies. We tested 14 urinary biomarkers for association with incident kidney, cardiovascular, and mortality outcomes in 2948 Framingham Heart Study participants. Baseline examinations were performed between 1995 and 1998; mean follow-up was 10.1 years for renal outcomes and 11.2 years for survival analyses. Primary outcomes were incident CKD, incident albuminuria, incident cardiovascular disease, and all-cause mortality. Secondary analyses assessed incident congestive heart failure (CHF) and mortality with coexistent kidney disease. Biomarkers were tested for association with renal end points using logistic regression and incident cardiovascular and mortality outcomes in proportional hazards models; a1-microglobulin, Kim-1, and TFF-3 predicted allcause mortality (hazard ratio per SD increase in log-transformed biomarker [HR] range, 1.15 to 1.21; 95% confidence interval [CI] range, 1.04 to 1.34; P values=0.007 to ,0.001), whereas a1-microglobulin, b2-microglobulin, KIM-1, and TFF-3 associated with death with coexistent kidney disease (HR range, 1.72-2.25; 95% CI, 1.17 to 3.24; P values,0.01). KIM-1 also associated with the risk of incident CHF (HR, 1.32; 95% CI, 1.07 to 1.63; P=0.008). CTGF associated nominally with CKD (HR, 0.83; 95% CI, 0.71 to 0.98; P=0.03), but no other biomarkers associated with incident CKD or albuminuria. Addition of a1-microglobulin and TFF-3 resulted in a nonsignificant net reclassification index (NRI) of 3% for all-cause mortality beyond clinical risk factors. In conclusion, components of a panel of 14 subclinical biomarkers of kidney injury were associated with important clinical outcomes and merit additional investigation.
During the past 50 years, cardiac injury biomarkers, such as creatine-kinase MB isoenzyme and troponin, have transformed the assessment and management of patients with heart disease. 1 During this time, clinically validated biomarkers available for the assessment of kidney disease have remained unchanged. The current benchmarks, serum creatinine and albuminuria, lack sensitivity in early disease and provide limited insight into the nature of the underlying renal injury. 2, 3 There is a need for novel biomarkers that identify at-risk individuals before the development of overt kidney disease. Kidney injury biomarkers can provide mechanistic insights by precisely localizing the affected kidney compartment and permit monitoring and assessment of distinct renal pathophysiological pathways, which may have prognostic implications for patients. Furthermore, they can provide insight into disease biology and help to better classify at-risk individuals in the absence of overt clinical disease.
Several novel renal biomarkers, detectable as proteins in urine, have been proposed for these purposes in experimental and clinical settings, but they require validation in prospective human cohorts. 2, 4, 5 We used a panel of 14 biomarkers identified in animal studies of AKI as well as cross-sectional human studies. 2, 4, 5 The panel includes all five biomarkers recently proposed by the Food and Drug Administration and the European Medicines Evaluation Agency for use as indicators of druginduced AKI through the Critical Path Initiative: kidney injury molecule 1 (KIM-1), b2-microglobulin, cystatin C, clusterin, and trefoil factor-3 (TFF-3). 6 We hypothesized that these biomarkers would be associated with an increased risk of kidney disease and related adverse outcomes. Our specific aim was to determine if the urinary biomarker panel is associated with incident CKD (estimated GFR,60 ml/min per 1.73 m 2 ), incident albuminuria, cardiovascular disease (CVD), and mortality. To address this question, we performed prospective analyses in unselected participants from the Framingham Heart Study (FHS).
RESULTS

Baseline Characteristics of the Cohort
Baseline characteristics of the cohort and median indexed biomarker levels are presented in Table 1 . The mean age was 59 years, 53% were women, and mean follow-up was 10.1 years for renal outcomes and 11.2 years for survival analyses.
Correlation Coefficients between Biomarkers
Pearson correlations of log-transformed urinary biomarkers are presented in Supplemental Table 1 . In general, biomarkers showed moderate to high correlations with each other, with the majority of r values between 0.25 and 0.75.
Correlations of Urinary Biomarkers with CKD Risk Factors
Pearson correlations between indexed urinary biomarkers and CKD risk factors are presented in Table 2 . Moderate to weak positive correlations were observed between the urinary biomarkers and urinary albumin-to-creatinine ratio. In general, correlations with other CKD covariates were weak.
Primary End Points
Associations of Urinary Biomarkers with Incident CKD, Albuminuria, and CVD Of 2141 participants free of baseline CKD, 194 (9.1%) participants developed CKD at 10 years. Each 1 SD increase in log-connective tissue growth factor (CTGF) was associated with a decreased risk of CKD (odds ratio, 0.83; 95% confidence interval, 0.71 to 0.98; P=0.03) (Table 3) , consistent with a prior report in a subset of these participants. 7 Results were similar for CTGF after additional adjustment for serum cystatin C concentration at exam 7 (CTGF odds ratio, 0.80; P=0.01). No other urinary biomarker was associated with risk of incident CKD. Similarly, no biomarker was significantly associated with continuous rapid decline in eGFR, which was defined as the loss of .3 ml/min per 1.73 m 2 eGFR per year (Supplemental Table 2 ).
Among 1812 participants with data available, 175 (9.7%) participants developed albuminuria during follow-up. No biomarker was significantly associated with incident albuminuria in the overall analysis (Table 3) . However, when stratified by sex, KIM-1 was associated with an increased risk of albuminuria in women (hazard ratio [HR], 1.65; 95% confidence interval, 1.21 to 2.25; P=0.001). Results were otherwise unchanged from the primary analysis (data not shown). Of 2795 participants free of CVD at baseline, 225 individuals developed CVD. No biomarker was significantly associated with risk of incident CVD (Table 3) .
Associations of Urinary Biomarkers with All-Cause Mortality
There was a total of 404 deaths among 2948 participants during the follow-up period. Three biomarkers were associated with all-cause mortality: a1-microglobulin, KIM-1, and TFF-3. The increased mortality risk ranged from 1.17 (KIM-1) to 1.26 (a1-microglobulin; P range=0.007 to ,0.001) ( Table 3) . Ageand sex-adjusted mortality rates increased by quartile of urinary biomarker, even among participants without CKD (Figure 1) .
In participants free of baseline CKD, mortality HRs for a1-microglobulin and TFF-3 showed a significant upward trend 
Secondary End Points Exploration of Association between Urinary Biomarkers and Cause of Death
Of 404 total deaths, 86 deaths were attributed to CVD. We observed no associations between biomarkers and CVD mortality (HR, 0.94 to 1.15) (Table 4) . Conversely, six of seven significant biomarkers were associated with non-CVD mortality (a1-microglobulin, b2-microglobulin, calbindin, glutathione S-transferase-a (GST-a), KIM-1, and TFF-3; P value range=0.02 to ,0.001) ( Table 4) . Additional adjustment for C-reactive protein (CRP) and brain natriuretic peptide (BNP) did not materially affect these results (P for non-CVD mortality=0.03 to ,0.001; data not shown).
Of 318 deaths from noncardiovascular causes, 34 participants died with coexisting kidney disease. Of six markers associated with non-CVD mortality, four biomarkers were associated with Figure 1 . Mortality rates increase by quartile of a1-microglobulin, KIM-1, and TFF-3 in participants with and without CKD. Bars represent age-and sex-adjusted mortality rates, and error bars represent standard errors quartiles of a1-microglobulin, KIM-1, and TFF-3. 
Reclassification Analyses
When three significant biomarkers from the all-cause mortality analysis (a1-microglobulin, KIM-1, and TFF-3) were included in a clinical model for all-cause mortality, a1-microglobulin (P=0.002) and TFF-3 (P=0.03) remained significant. In multivariable-adjusted analyses, a multimarker model comprising a1-microglobulin and TFF-3 resulted in a nonsignificant net reclassification improvement beyond clinical predictors of 3.0% [0.0 to 7.8].
DISCUSSION
Principle Findings
We have systematically examined biomarkers of subclinical kidney injury and related them to clinically meaningful longitudinal end points. Overall, five key findings emerge. First and most strikingly, a panel of markers of kidney injury was most strongly associated with mortality rather than incident kidney disease. Second, despite the well established connection between established CKD and CVD, the majority of this association seemed to be driven by deaths from noncardiovascular causes. Third, there was an excess of coexistent kidney disease at death for four specific biomarkers, namely a1-microglobulin, b2-microglobulin, KIM-1, and TFF-3. Fourth, KIM-1 was associated with a range of related adverse outcomes, including incident albuminuria in women, incident CHF, all-cause mortality, and death with coexistent kidney disease. Fifth, the biomarkers failed to meaningfully improve reclassification of all-cause mortality risk beyond the improvement achievable by clinical risk factors alone.
In the Context of the Current Literature Several population-based studies have evaluated a multiple biomarker approach for the prediction of renal, cardiovascular, and mortality events. In general, the incremental risk described by these markers is modest, and little improvement is seen in traditional measures of discrimination. 8, 9 We have previously reported a small improvement in reclassification of risk for incident CKD and albuminuria beyond traditional risk factors by homocysteine, aldosterone, and BNP. 10 UACR, BNP, CRP, homocysteine, and renin were also shown to predict all-cause mortality in FHS. 11 A more recent study in a unique cohort of elderly men showed that cystatin C, troponin I, BNP, and CRP improved risk stratification for death from cardiovascular causes. 12 Our findings advance the literature in this area in several ways. We present data on an extensive panel of urinary biomarkers specific for kidney injury and disease, and many of these biomarkers have not previously been examined in a community-based setting. Furthermore, our findings were robust after adjustment for many previously identified mortality biomarkers, including eGFR, UACR, cystatin C, BNP, and CRP. Finally, the inclusion of the end point of death with coexisting kidney disease sheds light on the cause of death in at least some of those participants at increased risk, suggesting that the excess mortality may have been mediated, at least in part, by kidney damage.
Of the biomarkers that we tested, KIM-1 in particular was associated with a range of important clinical outcomes, including all-cause mortality, incident albuminuria in women, death with coexistent kidney, and incident CHF. KIM-1 is a transmembrane tubular protein solely expressed in response to kidney injury, 13 which has been proposed as an early marker of AKI as well as a player in the transition from AKI to CKD. 14, 15 Furthermore, KIM-1 is elevated in symptomatic heart failure and predicts adverse outcomes in that setting. 16, 17 We extend these findings by showing that KIM-1 also predicts new cases of CHF in members of the general population. Taken together, these findings suggest that KIM-1 predicts adverse outcomes across the clinical spectrum, highlighting its potential as a biomarker of promise.
TFF-3 was strongly associated with all-cause mortality and mortality with kidney disease in this analysis, extending a previously identified association with incident CKD identified in the Atherosclerosis Risk in Communities Study. 18 TFF-3 is a member of the trefoil factor peptide family secreted by mucinproducing epithelial cells of the human urinary tract, and it is the predominant trefoil subclass in the proximal and distal tubules and cortical collecting duct. 19 TFF-3 seems to play an important role in mucosal repair through restitution early postinjury [20] [21] [22] and later by effects on epithelial differentiation. [23] [24] [25] We speculate that TFF-3 plays a role in repair of tubular epithelial damage, with higher urinary levels indicative of previous or persistent injury. Interestingly, we also observed an increased risk of cancer mortality with higher urinary TFF-3. Pathologic expression of TFF-3 has been observed in several cancers, including endometrial and prostate adenocarcinoma, gastric cancer, and several lung cancer histologic subtypes. [26] [27] [28] Although there has been considerable focus on the cardiovascular consequences of kidney disease, the importance of non-CVD outcomes as a cause of death in CKD is increasingly recognized. People with CKD experience premature morbidity and death from a wide range of causes compared with age-matched members of the general population. For example, in the elderly, there is a graded and independent increase in all-cause mortality risk as CKD advances, 29, 30 and kidney function predicts death from a range of causes, including pulmonary disease, infection, and cancer. 31 In younger adults, the risk of hospitalization, death from pneumonia, 32 and non-CVD mortality all increase as GFR declines. 33 Albuminuria similarly predicts non-CVD mortality in the general population. 34 Our findings extend the literature in this regard by showing that the excess mortality associated with biomarkers of subclinical kidney injury is linked to non-CVD outcomes.
Although results for the incident kidney disease analyses were generally negative, it is notable that reduced levels of CTGF were associated with incident CKD, which is in a direction consistent with a prior small case-control study in FHS. 7 This counterintuitive finding may perhaps be explained by the homeostatic challenge model described for the closely related cytokine TGF-b. 35 This hypothesis proposes a physiologic custodial function for these cytokines under basal conditions, such that a deficiency in signaling results in tubular cell injury, impaired repair, and fibrosis.
Implications
There are several important implications to this work. First, elevated urinary a1-microglobulin, KIM-1, and TFF-3 levels are associated with a range of important clinical outcomes. Indeed, because one half of the 14 biomarkers tested were at least nominally associated with an increased risk of death, urinary biomarker leak may be a novel presentation of kidney disease in the general population. Second, the panel captures different prognostic information to creatinine, because there was no association between any biomarker and baseline eGFR; also, the findings were independent of adjustment for baseline eGFR, albuminuria, and cystatin C. Future research should focus on validation of our findings in independent studies as well as examination of whether it is possible to intervene to improve outcomes of individuals identified as being at risk. Examining whether these biomarkers predict propensity of disease progression in a sample enriched for CKD would also be of interest.
Strengths and Limitations
Our results may potentially have been attenuated by urinary biomarker degradation during prolonged frozen storage. However, although long-term stability measurements for these biomarkers are not available, medium-term measures for those biomarkers that have been tested seem acceptable. For example, storage for 2 years at 280°C, including several freezethaw cycles, did not have a significant effect on the stability of neutrophil gelatinase-associated lipocalin (NGAL) or KIM-1. 36 Equally, serum b2-microglobulin measurements were robust to a single freeze-thaw cycle in long-term stored samples from the National Health and Nutrition Examination Survey. 37 More importantly, biomarker degradation would not explain our findings, because degradation would not be expected to occur differentially with regard to outcomes. If significant degradation did occur, it would be expected to bias our results to the null and potentially explain attenuated results for individual biomarkers. This result may have been a particular issue for GST-a, for which the addition of a buffer solution to fresh urine samples is recommended to prevent degradation until assay. No buffer was added at the time of urine collection in FHS, and samples were instead frozen and stored for later use. However, although long-term stability measures for GST-a are not available, it remained detectable at the time of assay in our sample. If partial degradation of GST-a occurred, it may partly explain the negative findings for that biomarker. Lastly, suboptimal (i.e., .10%) individual intra-assay coefficient of variations (CVs) for clusterin, GST-a, NGAL, and tissue inhibitor of matrix metalloproteinase-1 may have blunted their predictive performance and biased the results for these biomarkers to the null.
Loss of participants to follow-up is a limitation in longstanding cohort studies such as FHS. Nonreturning participants in our study tended to be in poorer health, which was evidenced by a higher prevalence of chronic disease, including kidney disease (data not shown). This finding may have attenuated the observed associations by excluding sicker participants. Although confirmatory testing of serum creatinine or UACR to confirm the presence of CKD would be desirable, it is not feasible in a large epidemiologic study such as FHS, where participants only return every 4-8 years. Again, any imprecision introduced would be expected to yield attenuated associations. Lastly, because our sample was composed of white individuals of European ancestry, the generalizability of our findings is uncertain.
Strengths of our study include the prospective design and large, well defined cohort as well as the inclusion of biomarkers that are both biologically plausible and supported by the literature. The ability to assess performance of the biomarker panel across a broad range of adjudicated outcomes is also a strength.
Components of a panel of 14 subclinical biomarkers of kidney injury are associated with important outcomes among members of the general population, and KIM-1 in particular was associated with several cardiovascular and mortality outcomes. Elevations in a1-microglobulin and TFF-3 were associated with an excess mortality risk that may be missed by traditional markers of kidney disease. Future studies are needed to establish the role of these biomarkers in reducing risks for these outcomes.
CONCISE METHODS
Study Participants
Participants were from the Framingham Offspring cohort, and they have been examined approximately every 4 years since its inception in 1971. 38 Participants who attended the sixth examination cycle (1995-1998) were included, with follow-up at the eighth exam cycle (2005) (2006) (2007) (2008) for longitudinal analyses and December 31, 2009 for survival analyses. Of 3532 participants who attended the baseline examination, 2948 participants had urine samples taken and stored, permitting biomarkers to be assayed, and they were included in the mortality analyses. Participants had to attend follow-up to be assessed for the development of CKD and albuminuria. Of 2948 participants, 261 participants had baseline CKD, 2 participants were missing exposures or covariates, and 544 participants did not return for followup, leaving 2141 participants in the incident CKD analysis. For the incident albuminuria analysis, 373 participants had baseline albuminuria, 1 participant was missing covariates, 186 participants did not have follow-up albuminuria measured, and 576 participants did not return for follow-up, leaving 1812 participants. Participants provided written informed consent, and the institutional review board of the Boston Medical Center (Boston, Ma) approved the study.
Urinary Biomarker Determination
Morning urine samples were collected at baseline and initially stored in a large aliquot at 220°C before transfer to 280°C. In January of 2010, each large aliquot was thawed and stored in smaller aliquots until assaying in May of 2010. Urinary biomarker concentrations were measured using a multiplex immunoassay (Human KidneyMAP v1.0 panel; Rules Based Medicine, Austin, TX). There was good stability of biomarker measurements and no freezer decay. Intraassay coefficients of variation were a1-microglobulin (8.8%), b2-microglobulin (11.8%), calbindin (7.5%), clusterin (20.7%), CTGF (28.1%), cystatin-C (6.3%), GST-a (19.9%), KIM-1 (7.4%), NGAL (12.5%), osteopontin (5.7%), TFF-3 (9.0%), Tamm-Horsfall Protein (7.6%), tissue inhibitor of matrix metalloproteinase-1 (18.3%), and vascular endothelial growth factor (7.4%). Undetectable values were set at the limit of detection.
Outcome Definitions CKD
The National Kidney Foundation practice guidelines definition of CKD was used (eGFR,60 ml/min per 1.73 m 2 by Modification of Diet in Renal Disease equation). 39 Continuous rapid decline in eGFR was defined as the loss of .3 ml/min per year during follow-up. Serum creatinine (Jaffé method) was calibrated as follows: a correction factor of 0.23 mg/dl was applied to NHANES III creatinine values to align them with the Cleveland Clinic Laboratory values, and FHS serum creatinine values were then calibrated to the age-and sexspecific mean values from NHANES III. 40 
Albuminuria
Albuminuria was assessed by UACR. For baseline UACR assessment, spot urine samples were kept at 220°C until quantification in October of 1998. Urinary albumin was measured using immunoturbidimetry (Tina-quant albumin assay; Roche; http://www.roche-diagnostics. us/). Urinary creatinine was assessed using a modified Jaffé method. Albuminuria was defined as UACR$17 (men) or $25 mg/g (women). 41 Incident CVD, CHF, Cancer, and Mortality Definitions CVD was defined as one or more of fatal or nonfatal myocardial infarction, stroke, or transient ischemic attack. Incident CVD, CHF, and mortality events were confirmed by a panel of three physicians after review of outpatient, hospital, and death records using established protocols and criteria. 42 Death adjudication forms were abstracted for evidence of kidney disease at the time of death by a trained nephrologist. Death with coexisting kidney disease was adjudicated if renal failure or CKD were recorded as an immediate or contributing cause of death or if they coexisted at the time of death.
Covariate Assessment
The average of two BP measurements, recorded using a mercury sphygmomanometer after 5 minutes seated rest, was used. Hypertension was defined as systolic BP$140mmHg, diastolic BP$90mmHg, or use of antihypertensive medication. BMI was defined as weight (kg) divided by the square of height (m). Persons that smoked cigarettes during the previous year were classified as current smokers. Fasting levels of HDL cholesterol and plasma glucose were measured using standardized assays. Diabetes mellitus was defined as a fasting plasma glucose level $126 mg/dl or medication. Plasma BNP was measured with high-sensitivity immunoradiometric assays (intra-assay CV=12.2%; Shionogi, Japan). CRP was quantified using a highsensitivity assay (intra-assay CV=3.2%; Dade Behring BN100 nephelometer; Dade Behring Diagnostic, Marburg, Germany). Serum cystatin C was measured using particle-enhanced immunonephelometry (intra-assay CV=2.4%; Dade Behring BN 100).
Statistical Analyses
Urinary biomarkers were log-transformed for all analyses. Urinary biomarkers were indexed to urinary creatinine for all analyses to adjust for variability in urine concentration, with the exception of assessment of the interbiomarker Pearson correlations to avoid detecting spurious urinary creatinine-to-creatinine correlation. Correlations of biomarkers with CKD risk factors as well as interbiomarker correlations were assessed using multivariable-adjusted Pearson partial correlation coefficients.
We tested four primary outcomes: incident CKD, incident microalbuminuria, incident CVD, and all-cause mortality. Associations of individual biomarkers with incident CKD and albuminuria were determined using multivariable logistic regression adjusted for standard risk factors: age, sex, baseline eGFR, hypertension, diabetes, and dipstick proteinuria (in lieu of UACR to avoid collinearity with urinary creatinine). 43 Associations of individual biomarkers with incident albuminuria were also assessed separately in men and women. Multivariable proportional hazards regression models were constructed to test the association of individual urinary biomarkers with incident cardiovascular and mortality events. 44 Mortality models were adjusted for age, sex, BMI, smoking, hypertension, diabetes, total HDL-to-cholesterol ratio, eGFR, UACR, and baseline CVD. Incident CVD analyses excluded baseline CVD and were adjusted for the same covariates (except baseline CVD). Proportional hazards assumptions were met for these models.
We also tested four secondary outcomes: incident CHF, cardiovascular and noncardiovascular mortality, and death with coexistent kidney disease. Incident CHF analyses excluded prevalent CHF and were adjusted for age, sex, BMI, smoking, systolic BP, hypertension treatment, diabetes, total to HDL cholesterol ratio, baseline CVD, and valvular heart disease. Cardiovascular and noncardiovascular mortality models were adjusted for the same covariates as all-cause mortality.
We performed four sensitivity analyses. First, all mortality analyses were additionally adjusted for baseline BNP and CRP, because these biomarkers are associated with mortality beyond standard risk factors. 11 Second, analyses for death with coexistent kidney disease were also assessed after exclusion of baseline CKD. Third, we determined age-and sex-adjusted mortality rates in participants stratified by CKD status. Finally, incident CKD and albuminuria analyses were additionally adjusted for serum cystatin C.
We estimated the net reclassification improvement for the significant biomarkers from the all-cause mortality analysis in a multimarker model containing established risk factors. 45, 46 Categories for the reclassification analysis were derived from tertiles of the number of deaths.
We adjusted for multiple testing in analyses of the exploratory biomarkers to reduce the likelihood of false positives. KIM-1, NGAL, and CTGF were not considered exploratory based on the extensive literature on these biomarkers and our own prior work. Because biomarkers were highly intercorrelated, we constructed a correlation matrix to determine the number of independent markers. There were four eigenvalues.1, indicating four independent sets of markers, which explained 50.9%, 9.1%, 7.3%, and 7.2% of the total variance, respectively. The P value for declaring significance for the primary end points was, thus, corrected by a factor of 16 (four independent tests 3 four independent outcomes), yielding a threshold P value=0.003 (0.05/16). A P value,0.05 was considered statistically significant for the secondary end points. All statistical analyses were performed using SAS version 9.2.
